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ABSTRACT
A Bridgman furnace was designed and built to grow oriented single crystals of
nickel-manganese-gallium. The starting alloys were produced from high purity elements.
The compositions of the alloys and single crystals were determined with energy
dispersive x-ray spectroscopy. Oxygen concentration of the starting elements, the alloys,
and single crystal were determined with the LECO combustion method. Starting seeds
were produced from single crystal ingots produced at ETH Zurich, Switzerland, and from
a single crystal grown from these seeds. Crystallographic orientation of the starting seeds
and the single crystals were determined with x-ray diffraction. Mechanical testing was
performed on a single crystal to determine the stress-strain curve.
Pulling speeds of 6.0 mm/hr or lower produced oriented single crystals. Crystal
composition was kept constant to approximately 60% of the total crystal length. Oxygen
concentration was reduced when an argon-6% hydrogen atmosphere flowed through the
crystal growth assembly. Twinning stress was approximately 27 MPa with a twinning
strain of approximately 4.3%.
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CHAPTER 1:

INTRODUCTION

Crystal growth is a fascinating area of research. Crystal growth typically occurs
through the solidification of material from a fluid (solution, gas phase, or melt). Crystal
growth can take hundreds if not thousands of years in nature and often requires very high
temperatures and extreme pressures. Man’s fascination with crystals dates back to
antiquity with the use of simple beads and later with the carving of “glyptic” gems in the
3rd millennium BC [1].
The earliest record of crystallization dates back to around 2700 BC with
woodcarving depicting the evaporation of salt in China [2]. In 1902, the French chemist
Auguste Verneuli developed the flame fusion process of manufacturing synthetic
gemstones such as ruby, sapphire strontium titanate, and rutile. Since then, crystal
production has become a multibillion dollar industry; the worldwide production of
crystals in 1999 was over 20,000 tons with 62% of that being used in the semi-conductor
industry alone [3].
When most people hear the words “single crystals” they think of a rare gemstone
mined from some exotic location and mounted in an expensive setting. However, to a
materials scientist, this is not the case; many important materials used in everyday
applications are crystalline and can be produced as a single crystal if the growth
conditions are done properly. It is with that in mind that the work of this thesis is carried
out.
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Active materials continue to be the focus of intense research due to their ability to
reduce the complexity of micro-mechanical devices. These materials include: shape
memory alloys, magnetostrictives materials, and magnetic shape memory alloys [4].
Each of these materials can be used in a variety of applications.
Shape memory alloys (SMAs) were first discovered by Ölander in 1932 with his
work on a gold-cadmium alloy [5, 6]. These materials undergo a macroscopic shape
change from a high temperature austenite phase to a low temperature martensite phase. It
was not until 1962 and the discovery of nickel-titanium or Nitinol by Buehler [7] that
shape memory alloys found use in many different areas including high pressure coupling
devices and arterial stents to name a few.
Magnetostrictive measurements were first made on a nickel wire by Bidwell in the
1889 [8], although Joule was the first to observe the magnetostrictive effect in iron in
1847 [9]. Magnetostriction is a phenomenon that occurs in ferromagnetic materials that
causes them to undergo dimensional shape changes when exposed to an applied magnetic
field. This shape change is attributed to the rotation of the magnetic domains within the
material. Elements such as iron elongate in the direction of the magnetic field and others
such as nickel contract along the field direction [10]. Magnetostrictive materials are used
in ultrasonic transducers and magneto-mechanical sensors among other things.
Magnetic shape memory alloys (MSMAs) exhibit pseudo-plastic deformation in the
presence of a magnetic field, an external force, or a thermal source. One such MSMA is
the alloy nickel-manganese-gallium (Ni-Mn-Ga). Chernenko et al. [11] were the first to
discuss the possible use of this materials system, but Ullakko et al. [12] first
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demonstrated the material’s ability to produce a shape change in response to a magnetic
field. The method of inducing the shape change can be produced through the application
of thermal energy, a magnetic field, or an external force. The type of shape change
depends on the method of external stimulus used.
If a thermal source is used, the transformation occurs due to a martensitic
transformation from a low temperature orthorhombic or tetragonal structure to a high
temperature cubic structure, whereas if the stimulus is a magnetic field or the application
of an external force, the transformation is due to twin boundary motion within the crystal
structure. It is this re-arrangement of the twin boundaries that is under intense study.
This type of movement occurs very rapidly and at a very low stress level. MSMAs show
great promise for actuators in micro-mechanical devices such as linear positioning,
mechanical pumps, and actuators. Magnetic shape memory alloys have been intensely
investigated over the last few decades due to the ability to tailor their magnetomechanical response based on their composition.
In 1903, Heusler discovered that Cu2MnAl had ferromagnetic properties even though
the constituent elements did not [13]. The Cu2MnAl structure is the prototype for the L21
structure. The L21 structure (space group Fm3̄m) has manganese located at the octahedral
sites, aluminum located at the cubic close pack sites, and copper located at the tetrahedral
sites. Figure 1.1 shows the unit cell for the L21 discovered by Heusler.
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Figure 1.1 The L21 unit cell, copper atoms (dark blue) are located at the tetrahedral
sites, manganese atoms (pink) are located at the octahedral sites, and aluminum
atoms (light blue) are located at the cubic close pack (ccp) sites.
The discovery of this ferromagnetic lead to the discovery of other properties for L21
Heusler type alloys such as thermal and magnetic field induced deformation.
Magnetically induced deformation was first documented in dysprosium (Dy) single
crystals by Rhyne et al. in 1968 [14]. Ni2MnGa exhibits both thermal and magnetically
induced deformation. Thermal deformation occurs when Ni2MnGa transforms from the
low temperature orthorhombic or tetragonal phase to a high temperature L21 phase. The
ferromagnetic properties of Ni2MnGa allow the material to exhibit rearrangement of the
martensitic twins when a magnetic field is applied.
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Webster was the first to publish an article on the phase transformation in Ni2MnGa
[15]. Several articles were published in the late 1980’s and early 1990’s by Chernenko
and Kokorin [11, 16-18] that discussed the use of Ni-Mn-Ga as a magnetic shape
memory alloy. In 1996, Ullakko et al. [12] reported a 0.2% magnetic-field-induced strain
in a Ni2MnGa single crystal. In 2002, Sozinov et al. [19] observed a 6.5% magneticfield-induced strain in off-stoichiometric Ni-Mn-Ga single crystals.
Ni-Mn-Ga exhibits magneto-crystalline anisotropy, the easy axis of magnetization is
the [001]; this means deformation can be triggered with a magnetic field when the field is
applied perpendicular to the [001] direction. Crystal growth parallel to the easy axis of
magnetization will reduce the amount of post-processing required to produce crystals that
will produce high strains. Ni-Mn-Ga magnetic shape memory alloys are being
investigated for use in actuating devices, accelerometers, and linear positioning
applications [20, 21].
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CHAPTER 2:

MOTIVATION

This research focuses on the growth of oriented single crystals of nickel-manganesegallium (Ni-Mn-Ga), which is a MSMA. MSMAs are attractive materials for actuators,
pumps, and linear positioning devices, as these materials would allow for the reduction in
complexity of device design, which in turn gives the ability to create more robust devices.
It has been shown that Ni-Mn-Ga is capable of producing a strain of up to 10% in fields
of less than 1 Tesla [20, 22], making it an attractive material for micro-mechanical
devices. In order for this materials system to achieve these large strains, high purity
single crystals are needed as impurities such as oxygen increase the twinning stresses,
which must be very low for shape change in a magnetic field [23-26].
Currently, there are no MSMAs available with well defined, reproducible properties
due to the inability to produce homogeneous crystals. The inhomogeneities that are
inherent to single crystal growth must be removed if crystals with predictable and
reproducible properties are to be grown and studied.
As mentioned previously, Ni-Mn-Ga exhibits magneto-crystalline anisotropy; it is
therefore critical that the axis of easy magnetization [001] is aligned to the sample growth
direction (i.e., the “pulling direction” is equivalent to the z-direction). This will reduce
the amount of post-processing since only one crystallographic orientation would need to
be found to fully characterize the crystal. By finding the [001] direction and any of the
<110> directions, the planes normal to the (001) can be determined through symmetry
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(i.e., faces are 90 to each other). Once the (001) face and any {110} face are found, the
sample can be aligned to the (100) face and cut with a precision wire saw along these
faces. Furthermore, the amount of waste will be reduced and larger crystals with faces
parallel to the {100} can be made.
Two factors that affect the crystal growth process should be identified at this point;
they are (1) the crystal pulling speed, and (2) the thermal gradient between the hot zone
and the cold zone of the furnace.
Crystal pulling speed is the speed that the solid-liquid interface is pulled through the
ramp region (i.e., the region between the hot and cold zones) of the furnace. Pulling
speed greatly affects single crystal growth quality [27, 28]; optimizing the pulling speed
will ensure that single crystal growth occurs without nucleation of a secondary crystal
and that constitutional segregation is kept to a minimum.
There are very few articles that discuss the process of single crystal growth of Ni-MnGa [28-30]. This research addresses the issue of oriented single crystal growth; it
investigates the pulling speed of the seed crystal to optimize single crystal growth, the
solid-liquid interfacial temperature to ensure that single crystal growth occurs, and
starting material oxygen concentration, which affects the twinning stress.
Single crystals of Ni-Mn-Ga have been grown by a number of different methods,
including the Bridgman technique [31-33] and the float-zone technique [28, 29, 34] (see
Sections 4.1.1-4.1.3); however, neither of these techniques guarantee that the [001]
crystal direction will grow parallel to the pulling direction. Crystal growth usually occurs
off axis, often close to the [123]. If growth occurs in an off-axis direction, considerable
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post-processing is required to obtain crystals that have the preferred orientation of [001]
parallel to the z-axis. By using oriented seed crystals, the correct crystallographic
direction can be obtained during the growth process thereby reducing the number of steps
required to produce crystals for micro-mechanical devices.
A thermal gradient is needed to speed up the crystal growth process. The size of the
thermal gradient (i.e., the steepness) will allow the pulling speed to be increased. A steep
thermal gradient will reduce the amount of segregation that occurs when non-equilibrium
crystal growth is carried out. This is the case in most crystal growth processes, otherwise
crystal growth would take years if not centuries to be carried out.
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CHAPTER 3:

CONCEPTUAL FORMULATION

Crystal growth parameters including optimal seed temperature for proper seed-melt
coupling and the correct pulling speed for stable crystal growth are to be determined.
Starting alloys shall be produced and analyzed for compositional uniformity and oxygen
concentration. Oriented seed crystals shall be cut with a precision wire saw from master
ingots. Composition of the single crystal is to be determined as a function of the crystal
length to determine the amount of segregation that occurred during the crystal growth
process. The crystallographic orientation of the grown crystal shall be verified to be
identical with the seed orientation. The mechanical properties of a grown, oriented single
crystal are to be determined.
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CHAPTER 4:

BACKGROUND

4.1 Crystal Growth Methods
Among the many different methods of producing single crystals, the three common
types are: the Czochralski method, the floating-zone method, and the Bridgman method.
Each of these methods has advantages and drawbacks; a short review of each method is
discussed.
4.1.1 Czochralski Method
This method of crystal growth typically involves the relative motion of a seed and
melt such that the crystal is pulled from the melt; it is one of the fastest growth methods
and is often used for large scale production of single crystals. A number of crystals that
can be grown via this method include: zinc (Zn), silicon (Si), gallium arsenide (GaAs),
and magnesium aluminate (MgAl2O4) [35]. Figure 4.1 shows a Czochralski design where
a seed is placed in the melt and slowly drawn out as the crystal grows.
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Figure 4.1 In the Czochralski method of crystal growth, a seed crystal is lowered
into the melt, crystal growth begins on the surface of the seed, and the crystal is
slowly pulled from the melt [36].
Some drawbacks to this method include the cost of equipment and the need to closely
monitor the growth process.
4.1.2 Floating-Zone Method
The floating-zone method was developed as a method of crystal purification by taking
advantage of the difference in the segregation coefficients of impurities in a material.
Small-scale, high purity single crystals have been grown this way [35]. This method
creates a small molten zone between two solid rods; the zone is moved relative to the
rods. If a seed crystal is placed at the lower edge of the melt, then single crystal growth
is possible. Figure 4.2 shows a typical floating-zone design. The polycrystalline ingot is
drawn through the induction coil and melted as the ingot is lowered; crystal growth
occurs off the seed.
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Figure 4.2 The floating-zone method produces high quality crystals since the
amount of material that is melted at any given time is small. This reduces the
amount of compositional segregation that can occur. Reprinted with permission
[35].
Disadvantages of this method are the elaborate housings needed to hold the starting
materials and the induction coils needs to be matched to the size of the material being
grown.
4.1.3 Bridgman Method
This method employs a crucible that is lowered through a furnace such that
solidification started at the bottom of the crucible and the solidification front moves
upward. The rates of movement range from 0.1 mm/h to 200 mm/h. Materials that have
been grown via this method include: alumina (Al2O3), germanium (Ge), and sodium
nitrite (NaNO2). Drawbacks of this method include: excessive lattice strains, limited
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crucible choices, and nucleation at the crucible walls. This method of crystal growth is
attractive since it uses relatively simple technology and does not require elaborate control
systems [35]. Figure 4.3 (a) shows a typical vertical Bridgman furnace, crystal growth is
achieved by slowly pulling a crucible from the hot zone to the cold zone. Figure 4.3 (b)
shows the thermal gradient at the interface between the hot and cold zones. The higher
the thermal gradient the faster the crucible can be pulled out of the hot zone. A large
thermal gradient will reduce the amount of undercooling and hence the amount of
compositional segregation.

Figure 4.3 (a) in the Bridgman method, a crucible is slowly pulled from the hot zone
of the furnace, crystal growth occurs at the interface between the hot and cold zones
of the furnace. By controlling the pulling speed crystal composition and crystal
quality can be maintained. (b) A steep thermal gradient is needed to reduce the
amount of undercooling that can occur at the solid-liquid interface.
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4.2 Crystal Growth
Crystal growth occurs due to solidification from a fluid; in this work, the fluid is a
high temperature melt of Ni-Mn-Ga. A short overview of the important aspects of crystal
growth will be given here.
The driving force for single crystal growth from a melt is a change in the Gibbs free
energy of the system, ∆G. In single crystal growth, the change in the free energy results
from the imposition of a thermal gradient normal to the solid-liquid interface. This
gradient is accomplished by pulling the melt from a hot zone to a cold zone; the
difference between these two zones should be as abrupt and as large as possible. The rate
at which the crucible is removed from the hot zone of the furnace is called the “pulling
speed.” The thermal gradient is the size of the temperature drop from the hot zone to the
cold zone as a function of the distance in the z direction and is identified as dT/dz. There
is a transition zone, which is the area between the hot and cold zones. The temperature in
the transition zone lies between the hot and cold zone temperatures. Figure 4.4(a)
indentifies the pulling speed as dz/dt, this figure also shows the transition zone and the
solid-liquid interface. Figure 4.4(b) shows the thermal gradient that is needed to create a
stable growth front.
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Figure 4.4 (a) The pulling speed, transition zone, and solid-liquid interface are
identified. (b) The thermal gradient of the furnace is identified; the dotted
horizontal line shows the interface location in an ideal system.
If the thermal gradient is too steep, convection currents in the melt will lead to
excessive lattice strain and cracking of the material. A thermal gradient that is too
shallow will cause constitutional undercooling and can lead to interfacial breakdown,
creating dendritic and cellular growth. It can also create unwanted nucleation along the
walls of the crucible [37]. In order to understand how single crystal growth is carried out,
there are three important factors that need to be discussed: the free energy curves
associated with a liquid and a solid phase, the critical radius for nucleation, and the
reduction of constitutional undercooling. It is important to note here that nucleation is
unwanted in crystal growth since nucleation will result in polycrystalline growth from the
melt.
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4.2.1 Free Energy Curves
A set of free energy curves for a liquid and a solid are shown in Figure 4.5.

Figure 4.5 Two free energy curves for the liquid and solid states of an imaginary
material. If the liquid phase is cooled below Te, a driving force is created for
nucleation of the solid phase. This driving force increases linearly with decreasing
temperature, i.e., with increased undercooling ∆T. By reducing the size of ∆T, the
rate nucleation can be reduced and the amount of segregation can be reduced.
There is an equilibrium temperature Te at which both the liquid phase and the solid
phase are in equilibrium. If the liquid is cooled below Te by some ∆T, then the system is
no longer in equilibrium. There will be a driving force ∆G, which increases linearly with
increasing ∆T as shown in the following equation:
∆G = ∆H − T ∆S = ∆H −

T ∆H
∆T
=L
Te
Te

(1)
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where ∆H is the enthalpy change, ∆S is the entropy change, ∆T is the temperature
change, and L is the latent heat of solidification.
4.2.2 Homogeneous Nucleation
Single crystal growth requires that homogenous nucleation be prevented.
Understanding what parameters are needed to successfully grow single crystals requires
an understanding of homogeneous nucleation.
Consider a volume of liquid as in the drawing in Figure 4.6(a). When there is no
solid present the free energy of the system is:

G1 = (VL + VS ) GvL

(2)

where VL is equal to the volume of the liquid, VS is equal to the volume that is about to
solidify, and GvL is equal to the free energy per unit volume of the liquid. When the
liquid is cooled by some ∆T below Te, as atoms begin to group together and form a
spherical solid cluster, the free energy of the system will change to G2; see Figure 4.6(b)
[38].

18

Figure 4.6 (a) shows a volume of liquid with an associated free energy G1. (b) As the
liquid is cooled below Te, small group of atoms will begin to cluster and the free
energy of the system will change to G2.
A change in the free energy of the system can be represented by the following
equation:
G2 = VLGvL + VSGvS + ASLγ SL

(3)

where once again VL is equal to the volume of the liquid, VS is equal to the volume of the
solid, and GvL is equal to the free energy per unit volume of the liquid, GvS is the free
energy per unit volume of the solid, ASL is the solid-liquid interfacial area, and γSLis the
interfacial energy of the solid-liquid interface.
The resulting solid formation changes the free energy as ∆G = G2 – G1 with:
∆G = ASLγ SL − VS∆Gv
and

(4)

∆Gv = GvL − GvS
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(5)

In an undercooled liquid, ∆Gv is given by Equation (1):
∆Gv = Lv

∆T
Te

(6)

where Lv is the latent heat of fusion per unit volume. When the temperature is below Te,
∆Gv is negative and the change in the free energy associated with the formation of a small
volume of solid will lower the free energy of the bulk solid; however, there is a positive
contribution associated with the formation of a solid-liquid interface and is discussed in
further detail in the following section.
4.2.3 Critical Radius
As stated in the previous section, when the temperature of the liquid is close to the
equilibrium temperature, groups of atoms form small “crystal-like” clusters. These
clusters are in a dynamic state where atoms continually group together and break apart
[39]. Figure 4.7 shows how these small clusters of atoms arrange themselves into a
crystalline shape but with no order from one cluster to another.
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Figure 4.7 Small groupings of atoms (gray circles) temporarily arrange themselves
into clusters with crystalline arrays that are the same as the solid alloy.
As ∆T increases, the clusters will begin to collect and can reach a “critical size.” Once
this critical size is reached, the clusters can become stable, continue to grow and are
called nuclei.
As shown in Equation (4), the Gibbs free energy of a cluster contains two terms, the
volume free energy term:
∆GV = 4 3π r 3 ∆Gv

(7)

∆GS = 4π r 2γ SL

(8)

and the surface free energy term:
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The sum of both gives the change in free energy associated with the solidification of
those atoms:
∆G = ∆GV + ∆GS

(9)

replacing the right hand side of (9) with (7) and (8) gives:
∆G = 4 3π r 3 ∆Gv + 4π r 2γ SL

(10)

Differentiating (10) with respect to r and setting the differential to zero gives the
critical radius for nucleation as:
r* = 2γ SL ∆Gv

(11)

inserting (11) into (10) gives the free energy associated with the formation of a cluster
with critical radius r*:
3
∆G* = 16πγ SL
3∆Gv2

(12)

A plot of ∆G vs r is shown in Figure 4.8, the critical radius is located at a position
where the ∆G curve is the highest, this point can be interpreted as the energy (Ea)
required for homogeneous nucleation.
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Figure 4.8 If the radius of the cluster is such that r < r*, the free energy of the
system can be lowered by dissolution of the solid. If r > r*, the free energy of the
system will decrease as the cluster grows larger. The activation energy (Ea) is the
peak in the ∆G curve and can be interpreted as the energy needed to nucleate a
second crystal from the liquid.
There exists an inverse relationship between the critical radius r* and the
undercooling ∆T; this relationship can be seen by inserting (6) into (11):
r* =

2γ SLTe
Lv ∆T

(13)

Figure 4.9 (a) shows the critical radius increases as the undercooling associated with
the free energy curves decreases. A large critical radius is required to reduce the risk of
nucleation of secondary crystals during the growth process. The formation of secondary
crystals during the growth process has to be avoided in order to have single crystal
growth since the secondary crystals would not necessarily have the same crystallographic
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orientation as the seed face. Figure 4.9 (b) shows how a reduction in ∆T increased r*
(i.e., the red curve has a smaller ∆T). This increased the peak height of ∆G, which in turn
increased the energy barrier (Ea) that must be overcome for a cluster to become stable.

Figure 4.9 (a) Shows that the critical radius increased as ∆T is decreased. (b) Shows
that as the critical radius is increased, the activation energy (Ea) becomes larger.
By keeping ∆T small, the clusters will never become energetically favorable and
form secondary crystals.
As noted previously, in order to have single crystal growth, the size of the critical
radius must be large in order to reduce the risk of a cluster from becoming stable enough
to grow into a secondary crystal.
4.2.4 Alloy Segregation
Segregation occurs due to differences between the solubilities of alloying elements in
the solid and liquid states. Since crystal growth occurs in a non-equilibrium system,
diffusion cannot keep up with the crystal growth, as diffusion occurs at orders of
magnitude slower than crystal growth. In crystal growth, the melt is cooled by the
imposition of a thermal gradient; this creates a solid-liquid interface. As the melt is
cooled below the melting temperature, there exists a two-phase region in which the
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composition of the solid is not the same as the composition of the melt. If the melt is at a
composition Co and the system is cooled into the two-phase region, the composition in
the two-phase region is no longer Co. There is now a mixture of the solid phase with a
composition Cα < Co and a liquid phase with a composition CL>Co. Figure 4.10 shows
how the equilibrium composition of the solid and the liquid differ from the nominal
composition at any temperature below the liquidus line.

Figure 4.10 (a) shows the two-phase region that occurs when an alloy is cooled from
a liquid phase to a solid phase. (b) shows the compositional variation difference
between the liquid and the solid at a temperature T1: the composition of the solid
(Cα) is less than the composition Co, while the composition of the liquid (CL) is
greater than Co.
At equilibrium, the ratio of the solid phase to the liquid phase can be described using
the following:
ko =

Cα
CL

(14)
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where ko is the equilibrium coefficient, Cα is the composition of the solid, and CL is the
composition of the liquid in the two-phase region. In crystal growth, the system is never
allowed to come to equilibrium and the composition of the ingot changes continuously;
however, ko can still be used to evaluate the amount of segregation that can be expected
in the two-phase region.
Figure 4.11 (a) shows that the solutes are pushed out of the solid and into the liquid
where it remains in front of the solid-liquid interface. This causes the composition of the
liquid close to the solid-liquid interface to be higher than the nominal composition.
Figure 4.11 (b) shows how this causes the liquidus temperature directly in front of the
solid-liquid interface to decrease from the temperature of the bulk melt (T1) to a
temperature T2 at the solid-liquid interface. Figure 4.11 (c) relates the compositional
difference between the liquid at the interface and the liquid in the bulk to the temperature
difference between the bulk liquid and the interface.
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Figure 4.11 (a) the composition in the solid is lower than Co due to solute being
pushed away from the solidification front. (b) As a result of the compositional
difference at the interface, the temperature is lower than in the bulk liquid. (c)
Combines (a) and (b) together to illustrate how the composition of the liquid at the
interface and the temperature at the interface are related.
4.2.5 Constitutional Undercooling
The art of growing good crystals is to find a balance between the pulling rate, the heat
transfer at the solid-liquid interface, and a local equilibrium condition just ahead of the
solid-liquid interface. An important factor that affects stability of the growth front is the
constitutional undercooling that can occur during the crystal growth process.
Constitutional undercooling is defined as the temperature difference in a liquid just ahead
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of an advancing solidification front in which the temperature is lower than the
temperature of the liquidus temperature at this position [39]. This is demonstrated in
Figure 4.12, where the temperature of the liquidus line is shown to vary with distance
from the solidification front due to changes in the composition (as discussed in the
previous section and Figure 4.11).

Figure 4.12 This image shows how nucleation occurs if the constitutional
undercooling ∆T is large. By increasing the thermal gradient dT/dz, ∆T can be
reduced and the amount of undercooling is reduced.
The ∆T1 and ∆T2 shown in Figure 4.12 are the differences between the local liquidus
temperatures and local melting temperatures. As discussed previously, this directly
affects the critical radius needed to support nucleation; if ∆T is large, then the critical
radius and the activation energy are small and the nucleation rate is high. To avoid this
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situation, the thermal gradient dT/dz needs to be steep. A steeper thermal gradient dT/dz
produces a smaller amount of undercooling ∆T and reduces the possibility of nucleation.
Since the nucleation rate (dn/dt) depends exponentially on the activation energy, a
modest increase in the temperature gradient has a strong effect on the nucleation rate.
dT
dn
↑⇒ ∆T ↓⇒ ∆G* ↑⇒
↓↓↓
dz
dt

4.2.6 Solid-Liquid Interface Shape
The shape of the solid-liquid interface is important to the growth process; there are
three types of shapes: concave, flat, and convex. If the interface is slightly convex and
nucleation occurred, the newly formed crystals would be pushed to the edge of the ingot,
allowing the preferred orientated crystal to continue growing. If the interface is slightly
concave and nucleation occurred, the nucleated crystals would grow towards the middle
of the ingot and block the growth of the preferred orientation. Finally, a flat growth face
would be ideal provided there was no nucleation. If there were a nucleation site within
the liquid ahead of the flat interface, the unwanted crystal would not be pushed to the
edge of the ingot but would continue to grow until it encountered something to block its
path or it reached the end of the ingot length. Either way, this is undesirable and should
be avoided. Figure 4.13 shows how the shape of the interface affects oriented growth if
an unwanted orientation were present. As the diameter of the growth face is small, the
temperature change in the x and y can be ignored; however, there is a change in the
temperature in the z direction.
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Figure 4.13 The shape of the solid-liquid interface affects the ingots ability to push
unwanted crystallographic orientation away from the central growth axis. If the
interface is slightly concave (a) or flat (b), unwanted nucleates are less likely to be
pushed towards the crucible wall. However, if the interface is slightly convex (c),
unwanted orientations will be forced towards the edge of the crucible and single
crystal growth is more likely.
4.3 Crystal Quality
It has been shown that the quality of the crystals affects the magneto-mechanical
response [25, 26]. Crystal growth is a slow process, and may take many hours or even
days. The formation of manganese oxide must be considered at high temperatures.
Figure 4.14 shows that at a temperature of 1200 oC, the oxygen partial pressure must be
below 10-20 atm to suppress the formation of manganese oxide. If hydrogen is introduced
into the system, the amount of oxygen present is reduced due to the following reaction:
1
H 2 + O2 = H 2O
2

(15)

Figure 4.14 shows that MnO is more stable than H2O. Thus, once MnO, is formed it
cannot be reduced with H2. For example, at 1200 oC, MnO is in equilibrium with a
mixture of H2/H2O of 104.
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Figure 4.14 By flowing a hydrogen gas mixture through the furnace during crystal
growth, the amount of oxygen present will be reduced. This will decrease the chance
of manganese oxide formation and increase the quality of the crystals. Reprinted
with permission [40].
As discussed in Chapter 1, single crystals of Ni-Mn-Ga are required for micromechanical devices. The magnetic shape memory effect will only be realized if the
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magnetostress is greater than the twining stress (i.e., the stress required to move a twin
boundary). Impurities such as oxygen are known to cause pinning of the dislocations and
hardening of the material. When dislocations become pinned, they are no longer able to
move in response to the applied stress. This causes a reduction in the total strain the
material can exhibit.
Twinning stresses of 0.5 MPa and lower have been reported in high quality (i.e., low
oxygen concentration) alloys [25, 26]. The applied field necessary to active twin
boundary motion in these alloys is only about 0.1 Tesla.

4.4 Magnetic Shape Memory Alloy Ni-Mn-Ga
As discussed previously, MSMAs deform due to twin boundary motion within the
crystal. Twin boundary motion (see Figure 4.16) may be induced through a mechanical
force or an applied magnetic field. Twins form to minimize the internal stress associated
with a martensitic phase transformation (i.e., from the austenite to the martensite phase).
Twins are two crystals related by a symmetry operation across a mirror plane [6].
When a mechanical force is applied to the sample, the movement of the twin
boundaries will result in a macroscopic shape change. Similarly, when an external
magnetic field is applied, there will be a macroscopic shape change, which is called
magnetoplasticity, meaning that the shape change remains after the magnetic field is
removed. Magnetoplastic deformation can be reversed by applying the magnetic field
perpendicular to the original field direction or by applying a force perpendicular to the
original field direction.
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The crystal structure of the sample affects the amount of force that is required to
initiate a shape change. This is due a difference in the magnitude of the twinning stress
associated with the different crystal structures. The twinning stress is

ε max = 1 −

c
a

(16)

where c and a are the lattice parameters of the low temperature martensite phase.
The low temperature crystal structures of Ni-Mn-Ga are tetragonal or orthorhombic.
The magnetic properties in Ni-Mn-Ga are anisotropic and there is an easy axis of
magnetization associated with the shortest axis of the unit cell (typically, but not always,
the c-axis). When a magnetic field is applied parallel to the easy axis of magnetization
(dotted lines in Figure 4.15 (a) and (b)), the magnetic field required to saturate the crystal
is less than when the field is applied along the hard axis of magnetization (solid lines in
Figure 4.15 (a) and (b)). Figure 4.15 (c) has three different magnetization curves; as an
orthorhombic crystal has different values for a, b, and c crystallographic directions, the
easy axis of magnetization for this crystal system is the [001] direction.
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Figure 4.15 Magnetization curves for three different crystal structures. The hard
and easy axis of magnetization can be seen and how these relate to the
crystallographic directions. The easy axis usually aligns with the shortest
crystallographic direction [41]. Reprinted with permission (© 2002 IEEE).
Figure 4.16 shows how the shape memory effect occurs at the macroscopic level.
The shape change occurs when an external magnetic field H is applied; the twin variant
that is aligned with the magnetic field will grow at the expense of second variant. The
small rectangles show how the unit cell and easy axis of magnetization are related.
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Figure 4.16 In an externally applied magnetic field H, the twin variant that is
parallel to the field will grow at the expense of the twin variant that is perpendicular
to the field. This results in a shape change that can be used in micro-mechanical
devices. The small squares represent the unit cell orientation.
In polycrystalline Ni-Mn-Ga, the grain boundaries suppress twin boundary motion
because the strengthening effect of grain boundaries overcomes the magnetostress, which
is typically only a few megapascal [42, 43].

4.5 Summary of Background
A short summary of the topics covered in the background are presented at this point.
The topics discussed included the effects that the seed-melt interfacial temperature, the
pulling speed, and the thermal gradient have on the crystal growth process and how these
factors affect the stability of the growth front and the nucleation rate. The kinetics of

35
crystal growth are very complex and often difficult to determine quantitatively; however,
the effects that the kinetics has on the crystal quality can be seen qualitatively and are
discussed in the results chapter of this work.
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CHAPTER 5:

EXPERIMENTAL A: MATERIALS AND EQUIPMENT

Alloy casting has been an issue for this research; manganese has a very high vapor
pressure leading to losses during homogenization in the molten phase. Manganese is a
very reactive material and care must be taken when melting manganese with other
materials. The proper crucible material had to be found that reduced the risk of a reaction
between the manganese and the crucible. For this research, a special crucible and
housing was designed for the alloy production. Two different material purity levels (low
and high) were used. Low purity materials were used to produce alloys when crystal
quality was not important such as when determining the optimal seed temperature needed
for good seed-melt coupling (see Section 6.2) and to determine the optimal crystal pulling
speed. High purity alloys were used in the single crystal growth experiments (see
Chapter 6.4) since the ultimate goal of this research was to produce high quality oriented
single crystals that had low twining stress.

5.1 Materials
Low purity Ni-Mn-Ga alloys were produced for the initial growth tests. For oriented
single crystal growth experiments, high purity Ni-Mn-Ga alloys were produced. Fused
quartz tubes and high purity alumina tubes housed the nickel, manganese, and gallium for
alloy production and crystal growth. Niobium foil was utilized to getter oxygen from the
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system during alloy production. The manufactures, purities (metal basis), and oxygen
concentration of these materials are listed in Table 5.1.
Table 5.1 Materials, manufacturers, purity, and oxygen content of the constituent
alloy elements, gases, crucibles, and tubes for the crystal growth work conducted for
this thesis. The lower purity elements were not tested for oxygen content since the
oxygen content did not affect the seed-melt coupling.
Materials
Manufacturer
Purity (%) Oxygen (PPM)
Alumina Tubes and
CoorsTek
99.8
N/A
Crucibles
ArgonPraxair
99.999 (Ar)
<1
6% Hydrogen Gas
Nickel
ESPI Metals
99.96
unknown
Manganese
ESPI Metals
99.9
unknown
Gallium
Alfa Aesar
unknown
Nickel
American Elements
99.995
2.5
Professor Andrzej Mycielski
Manganese
UHP
110
Polish Academy of Science
Gallium
Atlantic Metals & Alloys
99.9999
124
Niobium
Alfa Aesar
99.8
unknown
Quartz Tubes
Technical Glass
N/A
N/A

5.2 Crystal Growth Equipment
The equipment for this research is listed in Table 5.2. All of the equipment was either
custom built or modified. A high vacuum system was incorporated in the induction
furnace to reduce oxidation; the introduction of high purity gases also reduced the oxygen
concentration in the alloys and the single crystals. LabView software was used to control
the vacuum system and the internal pressure of the alloy crucible.
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Table 5.2 List of the equipment used in the production the alloys and the single
crystals are shown here. All the equipment used in this work was modified from its
original configuration for use in this research or was constructed here at Boise State
University.
Equipment
Manufacturer
Model
Induction Furnace
Reitel
Induret Compact
Crucible Assembly
Boise State University
N/A
Tube Furnace
MTI Corporation
GSL-1500X-40
Copper Cooling Jacket
Boise State University
N/A
Linear Actuator
Boise State University
N/A
Micro-Controller
Boise State University
N/A
Crystal Growth Assembly
Boise State University
N/A
In the following sections, the modifications to the induction furnace and the tube
furnace as well as the custom made pieces of equipment are discussed.
5.2.1 Induction Furnace
The Reitel furnace was designed to pressure cast noble metals (gold, silver, etc.).
Figure 5.1 (a) shows the Reitel with the upper and lower chamber open. The mullite
(alumina-silicate mixture) crucible and stopper (b) are placed in the upper chamber. The
copper mold (c) is placed in the lower chamber. The system is sealed, evacuated, and
purged with high purity argon. When the alloy is melted, the stopper is lifted and the
upper chamber is pressurized to force the molten alloy into the mold.
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Figure 5.1 Image (a) shows the Reitel induction furnace, modifications were made to
allow it to operate while the upper chambers cover is open. Image (b) shows half of
the copper molds that were used to produce ingots at the beginning of this thesis
work. The furnace was not designed achieve the high vacuum and low oxygen levels
required both of which are needed to produce high quality alloys. The alloy
crucible assembly discussed in Section 5.2.2 fixed the issue of oxygen contamination.
This design worked well for noble metals but when materials such as manganese
were melted a number of issues developed. The first issue was a reaction between the
mullite crucibles and the manganese. Manganese evaporated (vapor pressure of 121 Pa at
1244oC) during the melting of the alloy. A modification to the furnace was made at the
suggestion of Dr. Roth (IFW Dresden, Germany). This modification allowed the furnace
to operate at a higher internal pressure. This reduced the amount of manganese lost from
vaporization but did not stop the reaction with the crucible. Figure 5.2 shows a cast ingot
(a) and the inside of a mullite crucible (b) after a typical casting. The surface of the ingot
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was dull indicating that oxygen was present when the alloy was made. Excessive
amounts of material remained inside the crucible after casting and some of the material
reacted with the mullite. The cast alloys had a different composition from what was
required.

Figure 5.2 (a) shows a typical cast ingot from the Reitel furnace, the surface of the
ingot is dull, this indicates that oxygen was present when the alloys was melted and
cast into the copper mold. (b) shows the inside of a mullite crucible. There is a
large amount of material left after casting. The manganese reacted with the surface
of the crucible. This produced ingots with a different composition than originally
calculated.
Alumina crucibles are less reactive to manganese than mullite. The Ellingham
diagram (Figure 5.3) shows that alumina is more stable than the oxides of manganese and
gallium. From a thermodynamic standpoint, the metals (manganese and gallium) would
not reduce the alumina.
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Figure 5.3 Ellingham diagram used to compare the stability of gallium oxide:
manganese oxide, aluminum oxide, and manganese silicate. As this graph shows,
aluminum oxide has the lowest free energy, making it thermodynamically stable for
use as a crucible material.
Alumina crucibles and stoppers were designed for the Reitel furnace. However,
alumina crucibles could not withstand the thermal shock of rapid heating and cooling as
well as mullite crucibles. This problem was solved by building a crucible assembly to
house the nickel, manganese, and gallium during alloy production.
5.2.2 Alloy Crucible Assembly
The crucible cracking problem was fixed by placing the alumina crucible inside a
fused silicate (quartz) tube. The quartz tube served two purposes; first, the tube protected
the furnace from the molten alloys if a crack developed during the heating or cooling

42
cycle and, second, the tube acted as a small vacuum chamber that protected the alloy
from oxygen contamination. The assembly was evacuated, purged with an inert gas, and
sealed prior to alloy production. The crucible assembly is shown in Figure 5.4. This
assembly was connected to a turbo pump and evacuated to ~4.0 x 10-4 mbar, purged, and
backfilled with an inert gas up to atmospheric pressure and sealed prior to heating in the
furnace.

Figure 5.4 The crucible assembly, consisting of a quartz tube, alumina crucible, and
hybrid adapter. These are assembled as shown and the system is evacuated to low
pressure (~4.0 x 10-4 mbar) and backfilled with a high purity argon-6% hydrogen
gas mix prior to alloys production.
Figure 5.5 shows the control system (i.e., LabView program, gas supply, pressure
transducer, and vacuum source) and the crucible assembly. The sealing valve at the top
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of the assembly is used to keep the assembly under low pressure when it was transferred
to the induction furnace. The LabView program controls the turbo pump and the amount
of gas that is purged into the assembly.

Figure 5.5 Shows the crucible assembly and sealing valve attached to the control
system. The LabView program controls the turbo pump, the gas delivery, and the
pressure inside the crucible assembly.
This design differs from the original pressure casting method. In this design, the
alloys produced in this assembly were not drop cast into a copper mold but were allowed
to cool in the alumina crucible.
With the crucible assembly, the alloys produced had less manganese loss than those
produced via the pressure casting method. Figure 5.6 shows an alloy that was produced

44
in the new crucible assembly as well as the inside of the alumina crucible after the alloy
was removed. These images show that the alloy was much brighter on the surface and
that there was little reaction between the manganese and gallium, and the crucible. A
light green discoloration on the inner surface of the alumina crucible is from the
formation of either manganese or gallium oxide. The oxygen concentration of the alloy
shown in this image ranged between 40 and 220 parts per million (PPM) depending on
the location of the analysis.

Figure 5.6 (a) shows an alloy produced using the crucible assembly; the surface of
the alloy is very bright indicating that there was limited oxygen contamination. (b)
shows the inside of the alumina crucible after the alloy was removed. The light
green discoloration is caused by the formation of a small amount of manganese or
gallium oxide.
5.2.3 Crystal Growth Furnace
A single zone tube furnace with a maximum operating range of 1400 oC was
purchased from MTI Corporation. The furnace was mounted sideways to facilitate
vertical movement through the hot zone. The furnace had a total hot zone length of 152
mm and a constant temperature length of 100 mm. The first and last 26 mm of the
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furnace’s hot zone is considered a ramp region since the temperature in these regions is
not necessarily the same as in the constant temperature region. Figure 5.7 shows the
furnace with the edge of the hot zone and the center of the constant temperature zone
marked on the outer housing. These marks were used to position the crystal growth
assembly (Section 5.2.4) within the furnace.

Figure 5.7 The MTI tube furnace mounted sideways to allow for vertical movement
through the hot zone. The scale on the front cover gives reference to the end of the
hot zone and the center of the “constant temperature hot zone”; these references
were used to correctly position the crystal growth assembly (Section 5.2.4) inside the
furnace. The large scale divisions are in cm while the smaller divisions are in mm.
5.2.4 Crystal Growth Assembly
Crystal growth assemblies are an important part of the crystal growth process; there are a
number of different designs used depending on the type of crystal growth apparatus
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employed. The factors that needed to be considered prior to crystal growth included the
crucible material, the crucible housing material, the growth atmosphere, the method of
heat removal, and the method of determining the crystal temperature. Figure 5.8 shows
how the Ni-Mn-Ga powder (Chapter 6.1) and seed (Chapter 6.3), stainless steel rod,
copper rod, alumina tube, quartz tube, and hybrid adapters fit together to form the
completed assembly.
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Figure 5.8 Crystal growth assembly including the quartz and alumina tubes, copper
and steel cooling rods, and seed thermocouple are assembled for crystal growth.
The entire assembly was loaded into the furnace and the ends of the quartz tube
were sealed with hybrid adapters that allowed the entire assembly to be purged with
an inert atmosphere prior to crystal growth.
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The stainless steel and copper rods are positioned below the seed to draw heat away
from the seed. The centers of the rods were drilled to insert a thermocouple that
measured the temperature of the seed during the growth process. There was a concern
that alumina and quartz would react at the high temperature needed for crystal growth; an
iron wire was used as a space holder between the alumina and quartz. A set of hybrid
adapters sealed the quartz tube against atmosphere; the lower adapter also included a
thermocouple port and a gas inlet port while the upper adapter had an exhaust gas port.
The exhaust gas was run into a vapor trap. An o-ring seals the inner surface of the hybrid
adapter to the outer surface of the quartz tube.
5.2.5 Copper Cooling Jacket
Additional modifications to the furnace included the placement of a water-cooled
copper jacket on the lower side of the furnace. A 18oC water-glycol mixture was fed
continuously through the cooling jacket to aid heat extraction. Copper was chosen for the
cooling jacket due to its high thermal conductivity (401 Wm-1K-1 at 300K); one problem
with this choice is that the melting temperature of copper is only 1084oC, which is low
when compared to the 1200oC it would routinely be exposed to. In order to reduce the
risk of catastrophic failure, the cooling jacket’s joints were welded instead of soldered or
brazed. Welding created a copper to copper bond whereas the other methods used low
melting point materials to join the surfaces together. The temperature at the face of the
cooling jacket was monitored as an extra precaution against overheating.
Figure 5.9 shows cut away views of the water jacket. The opening of the water outlet
tube is positioned as close to the top face of the cooling jacket as possible. This ensured
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that no air pockets formed inside the cooling jacket, which would reduce the
effectiveness of the jacket and could potentially cause catastrophic failure due to
overheating of the cooling jacket face. A thermocouple port was added to facilitate the
monitoring of the cooling jacket face during the growth process. The port allowed the
thermocouple to be in contact with the face.

Figure 5.9 The water outlet tube was positioned as close to the face of the cooling
jacket as possible (a). This reduced the risk of forming air pockets in the chamber
that could lead to catastrophic failure. A thermocouple port was added (b) so the
face of the cooling jacket could be monitored during the crystal growth process. A
thermal gradient of 20oC/mm was produced with the cooling jacket.
Prior to the crystal growth experiments, tests were performed on the copper cooling
jacket to ensure that there would not be a catastrophic failure when the crystal growth
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furnace was put into operation. The tests included operating the furnace at a series of
different temperatures for an hour with the copper cooling jacket in position and
recording the temperature at the face of the copper. This was deemed extremely
important since the melting point of copper is approximately 1084oC and the face of the
copper cooling jacket would be exposed to temperatures of 1200oC for extended time
periods. Figure 5.10 illustrates the copper cooling jackets location in relation to the
furnace hot zone.

Figure 5.10 The copper cooling jacket was located at the edge of the hot zone; a
thermal profile was developed for the copper cooling jacket to ensure that it would
not experience a catastrophic failure when exposed to the high temperatures
associated with the crystal growth process.
Temperature data was collected on the cooling jacket face at a series of temperatures
from 100-1000oC; this was done to make sure that the cooling jacket would not get too
hot when exposed to the hot zone of the furnace. Figure 5.11 shows that the face of the
copper cooling jacket only reached a temperature of 23oC at a furnace temperature of
1000oC.
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Figure 5.11 The temperature of the cooling jacket face was measured at a series of
temperatures to make sure that the cooling jacket was staying below the melting
point of copper. This graph shows that the temperature of the copper face never
exceeded 23oC for furnace temperatures up to 1000oC.
5.2.6 Linear Actuator
A linear actuator was designed and built to produce the movement of the crystal
growth assembly. To precisely control of the movement during the crystal growth
process, a brushless DC motor was chosen to drive the linear actuator. A set of reduction
gears (16:1) were added; this reduced the speed of the motor. The speed of the linear
actuator was adjustable from 3 mm/h to 78 mm/h; Figure 5.12 shows the linear actuator.
The red finger clamp held the quartz tube during the growth process.
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Figure 5.12 The linear actuator used to control the insertion and withdraw speed of
the crystal growth assembly during the growth process. The actuator is capable of
speeds from 3 mm/h to over 78 mm/h. One set of reduction gears can be seen at the
base of the actuator. The red finger clamp holds the quartz tube during crystal
growth.
5.2.7 Micro-Controller
A micro-controller was designed and built to display, record, and control the various
parameters needed for single crystal growth. The parameters that were controlled are the
insertion/withdrawal speed, the seed temperature (before withdrawal begins), and the
time at maximum seed temperature (dwell time). It displayed the cooling jacket
temperature, the seed temperature, the insertion/withdrawal distance, and the
insertion/withdrawal speed. The micro-controller recorded the seed temperature and seed
position.
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5.2.8 Gas Delivery System
A gas delivery system provided an inert atmosphere during the growth process, the
gas flowed into the crystal growth assembly from the bottom at slightly over atmospheric
pressure. The gas was allowed to escape through the top of the assembly and into a
simple vapor trap used to prevent oxygen from entering the system through the vent. The
exhaust gas bubbled into a small amount of vacuum pump oil.
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CHAPTER 6:

EXPERIMENTAL B: SYNTHESIS

Alloy production is an important step in this work since the crystallographic and
material properties of the single crystals depend on the starting composition and purity.
The alloys were produced exclusively in-house at Boise State University. Alloy
compositions are listed in Table 6.1. These compositions were chosen based on the fact
that the martensitic transformation temperature was above room temperature and the
crystallographic structure was tetragonal and therefore has a lower twinning stress than
the orthorhombic (see Equation(16)). Low purity alloys were used for the crystal growth
experiments and high purity alloys were used for the single crystal growth experiments.
Alloys AR42 and AR61 were produced with the low purity elements, while AR121,
Ar128, and AR130 were produced with the high purity elements.
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Table 6.1 Composition, structure, and mechanical properties of the alloys produced
in this work. Structure data is based on the work of Richard et al. [33] and the
martensite transformation temperature is based on the work of Jin et al. [44].
Sample ID
Composition (at%)
Structure
Tmart (K)
AR42
Ni52Mn29Ga20
Tetragonal
364
AR61
Ni50.5Mn30Ga19.5
Mixed
368
AR121
Ni49.6Mn29.3Ga21.1
Tetragonal
304
AR128
Ni49.6Mn29.3Ga21.1
Tetragonal
304
AR130
Ni50.5Mn28.5Ga21
Tetragonal
325

6.1 Alloy Production
6.1.1 Low Purity Alloys
Alloys AR42 and AR61 were produced from low purity nickel (99.96%), manganese
(99.9%), and gallium (99.999%). The nickel and manganese were supplied by ESPI
metals; the gallium was from Alfa Aesar. These alloys were produced via the pressure
casting method discussed in Section 5.2.1 and were used for the seed coupling
experiments described in Section 6.2. Since the crystal growth characteristics were the
only concern in this experiment, the quality of the starting material would not affect the
results of these tests.
Approximately 40 g of starting materials were pressure cast in the Reitel furnace.
The mass of each constituent element was weighed and placed in the crucible, heated to
the melting point, and cast into a copper mold. After the ingot was removed from the
copper mold, it was weighed, crushed, and sieved to a diameter of approximately 1 mm.
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6.1.2 High Purity Alloys
Alloys AR121, 128, and 130 were produced from high purity nickel (99.995%) and
gallium (99.9999%). The nickel was supplied by American Elements and had an oxygen
concentration of less than 2.5 parts per million (PPM). The gallium was purchased from
Atlantic Metals & Alloys and had an oxygen concentration of 124 PPM. High purity
manganese (metal basis unknown) was purchased from Professor Andrzej Mycielski at
the Polish Academy of Science, and had an oxygen concentration of 110 PPM.
High purity starting materials were needed to ensure that the single crystals grown
would have the best mechanical properties. As discussed in Section 4.3, impurities such
as oxygen have been shown to increase the twinning stress. To reduce this, high purity
starting materials are used.
Approximately 40 g of starting material were placed in an alumina crucible. The
crucible was placed into the alloy crucible assembly discussed in Section 5.2.2. The
system was evacuated to approximately 4.0 x 10-4 mbar for 10 minutes. The crucible
assembly was backfilled with high purity argon gas to a pressure of approximately 2.08 x
102 mbar and sealed.
The crucible assembly and sealing valve were attached to a bracket and stand that
allowed the crucible assembly to be centered in the induction furnace (Figure 6.1a).
Figure 6.1 (b) shows the correct position of the crucible inside the induction coils
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Figure 6.1 Image (a) shows the crucible assembly inserted into the induction furnace
prior to alloy production. This set up allows for the production of higher purity
alloys than can be realized under normal operation of the induction furnace. Image
(b) shows where the crucible assembly sits in relation to the induction coils. The
assembly is held in place with an external clamp attached to a ring stand.
The crucible assembly was heated for approximately 3 min to allow for complete
mixing of the constituent elements; the alloy was allowed to cool to room temperature
prior to removal from the crucible assembly. After removal, the alloy was weighed to
determine the mass loss. The alloy was crushed and sieved to approximately 1 mm for
use as a starting material for single crystal growth.

6.2 Seed-Melt Coupling Experiments
Seed-melt coupling experiments were carried out to determine the appropriate seed
temperature needed to ensure that growth occurred off the seed crystal. The first
experiments were carried out with seeds made of stainless steel; the stainless steel seeds
were produced on a lathe with a diameter of 6.35 mm and cut to a length of 10 mm. This
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allowed the stainless steel seed to just fit inside the alumina tubes that served as the
crucibles for the crystal growth process. Stainless steel was used initially to eliminate the
risk of melting the seed and destroying the crystal growth assembly. Later seed-melt
coupling experiments were carried out using seeds cut from the ingots grown with the
stainless steel seeds. A series of ingots were grown at different seed temperatures. After
seed-melt coupling was successfully demonstrated, crystal growth experiments with
single crystalline seeds were performed.
The seed and melt material were placed in the crystal growth assembly and inserted
into the growth furnace such that the interface between the seed crystal and the starting
alloy was at the edge of the hot zone. Figure 6.2 illustrates where the seed-melt was
located in the growth furnace.

Figure 6.2 This image shows the location of the seed in relation to the hot zone of
the furnace at the start of the experiments. The seed face is placed at the edge of the
hot zone.
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The furnace was heated to 1200 C and the seed crystal temperature stabilized
(typically around 500oC). The crystal growth assembly was moved upward into the hot
zone of the furnace at a rate of 34 mm/h until the thermocouple attached to the backside
of the seed reached a predetermined temperature (see Table 6.2). When the set
temperature was reached, the upward motion was stopped and a downward motion was
started immediately. The assembly was then withdrawn from the hot zone at a speed of
34 mm/h. The insertion and withdrawal speeds were kept constant in the seed-melt
experiments; this provided a method for comparing the results of these experiments. The
assembly was withdrawn until the seed thermocouple reached 125oC; this temperature
was chosen to ensure that the ingots had been fully removed from the hot zone of the
furnace prior to shutting the furnace off.
During the initial crystal growth experiments, the seed temperature was varied in
order to determine the amount of interaction between the seed and the melt. The
following table lists the seed temperatures.
Table 6.2 This table lists a representative set of temperatures that were used to
determine the optimal seed temperature needed for good seed-melt coupling.
Sample ID
Seed Temperature (oC)
47
49
50
52
57

825
835
840
855
860

67

895
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6.3 Seed Production
Three single crystal seeds were cut from ingots grown at the Swiss Federal Institute
of Technology, ETH Zurich, Switzerland. The three seeds were produced from two
single crystal ingots C606 and C620. The first seed was produced from the single crystal
ingot C606; the ingot was placed in a drill and ground to a diameter of approximately 3
mm with 300 grit sandpaper. The second and third seeds were produced from the single
crystal ingot C620; they were produced with the electro-discharge machining (EDM)
technique. The images in Figure 6.3 show a diagram of the area the seeds would be cut
from and the finished seeds.

Figure 6.3 Image (a) illustrates how the ingot was attached to a small brass plate
prior to the machining work. The two holes represent the seeds that would be
produced by this process. Image (b) shows the finished seeds that were produced.
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A fourth seed was produced from single crystal ingot CM91 that was grown in-house.
The seed CM91 was cut from the ingot using a Princeton Scientific wire saw. This
produced a seed with a rectangular shape that had to be further shaped to be cylindrical.
This was accomplished by placing the seed in a drill and grinding to the final diameter of
approximately 3 mm with 300 grit sandpaper.

6.4 Single Crystal Growth
Seed C620 was used to produce the first single crystal (CM86). A seed temperature
of 850oC was chosen based on the results of the experiments discussed in Chapter 6.2.
An initial pulling speed of 4.8 mm/h was chosen based on prior experience of Dr.
Müllner and Dr. Ullakko. The seeds and the alloy were placed in the crystal growth
assembly as described in Chapter 5.2.4. The furnace was heated to 1200oC and the seed
temperature was allowed to stabilize prior to beginning the growth process. The
assembly was raised at a constant speed of 33.6 mm/h until the thermocouple read 850oC,
at that point insertion was stopped and the withdrawal pulling speed was set. The crystal
growth assembly was withdrawn from the furnace until the seed temperature reached
125oC at which point the furnace was shut off and the entire system was allowed to cool
to room temperature. The crystal was removed from the growth assembly and
characterized.
Seed temperature and position data was collected during the growth experiments.
Figure 6.4 shows the data collected for growth experiment CM52, a temperature gradient
of 28.78oC/mm for insertion, and 20.18oC/mm for withdrawal were typical values during
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a crystal growth experiment. The CFD model was compared to these results to
determine if the model was predicting the correct temperature gradient inside the
furnace’s hot zone.

Figure 6.4 Temperature profile for single crystal CM52. The temperature was
recorded at the backside of the seed as shown in Figure 5.4. The temperature
gradients of 27.8oC/mm on insertion and 20.2oC/mm on withdrawal were typical
values during the crystal growth process.
A series of experiments was conducted to optimize the growth speed that would
sustain oriented single crystal growth. The insertion speed remained the same throughout
these experiments (33.6 mm/h). The withdrawal speed was varied. The values of the
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withdrawal speed were 19.2, 9.6, 6.0, and 4.8 mm/h. The alloys used for the growth
speed experiments were a mixture of low purity alloys that had been produced for other
work. The low purity alloys were chosen for this work since it was decided that the
crystal quality was not important. The withdrawal speed experiments were carried out to
determine the maximum pulling speed that could be maintained and still produce single
crystals.
The parameters of the crystal growth experiments are shown in Table 6.3.
Table 6.3 The single crystals and seed as well as the insertion and withdrawal
speeds. The seed temperature was kept at 850 oC for all the experiments. The
withdrawal speeds for samples CM 92-97 were varied to determine the optimal
withdrawal speed.
Sample
Alloy
Seed
Seed
Insertion
Withdrawal
o
ID
ID
ID
Temperature ( C) Speed (mm/h) Speed (mm/h)
CM86
AR128 C620
850
33.6
4.8
CM87
AR128 C620
850
33.6
4.8
CM88
AR129 C620
850
33.6
4.8
CM91
AR130 C606
850
33.6
4.8
CM92
Mixture C620
850
33.6
19.2
CM93
Mixture C620
850
33.6
16.8
CM97
Mixture C620
850
33.6
9.6
CM98
AR130 CM91
850
33.6
6.0

6.5 Thermal Profile
A baseline thermal profile of the furnace was collected experimentally. The
temperature in the furnace was ramped up to 1200oC; data was collected from the
furnace, and a thermocouple that was in contact with an alumina crucible. The alumina
crucible/thermocouple was located at the center in the constant temperature zone prior to
the start of the data collection. Figure 6.5 shows that the temperature inside the alumina
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crucible tracks very close to the furnace temperature. The slight variation between the
temperature of the alumina crucible and the furnace is due to slight calibration
differences between the two thermocouples. The results of this test and experimental
data were used to validate the thermal model developed. The thermal model should
predict the seed temperature if the model is set up correctly and can be used to predict
how different cooling rods would affect the seed temperature and the thermal gradient in
the adiabatic region of the furnace, which is the region that separates the hot zone of the
furnace from the copper cooling jacket.

Figure 6.5 The red line shows the thermal profile of the furnace during a typical
ramp cycle; the two temperature track very closely. The slight differences between
the two temperatures are due to calibration differences between the two
thermocouple types.
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CHAPTER 7:

EXPERIMENTAL C: CHARACTERIZATION

The ingots were characterized with a variety of methods. Grain boundaries were
characterized with optical microscopy on the surface of properly prepared samples,
whereas crystallographic information required the use of x-ray diffraction (XRD). When
compositional analysis was needed, the characterization technique required involved the
collection of characteristic x-rays that identify and quantify the elements present along
with the relative amount of each. The LECO method of chemical analysis was carried
out to determine the oxygen concentration of the samples; this was done by MSi Testing
& Engineering Inc. A short summary on the methods of sample preparation and
characterization techniques is presented here.

7.1 Sample Preparation
All the sample preparation was carried out at Boise State University. Samples were
cut from the alloy ingots and the single crystals. For optical microscopy, the samples
were cut using a Allied Products low speed wafer saw equipped with a diamond
impregnated cutting wheel; for more accurate cutting, a Princeton Scientific wire saw
was used.
In most cases, the samples were polished to a 1µm finish on a Struers LaboPol
polishing wheel after grinding with 1200 grit SiC paper.
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An etchant solution of 99 ml methanol, 5 ml nitric acid, and 5 g iron(III) chloride was
used to bring out any grain boundaries and martensitic twins that were present in the
samples. The samples were submersed in the solution at room temperature for an
average time of 4 minutes. The samples were removed from the etchant, neutralized with
a sodium bicarbonate/water solution, and rinsed with ethanol prior to imaging.

7.2 Characterization Techniques
7.2.1 Optical Microscopy
Optical micrographs were obtained with two different devices. The first instrument
was an Infinity 21 mega-pixel charge-couple device (CCD) camera equipped with 7X
lens and the second instrument was a MEJI optical microscope equipped with an
OptixCam 5.0 mega-pixel CCD camera. Overview images were taken with the Infinity
camera while higher resolution images were taken with the MEJI microscope.
7.2.2 Energy Dispersive X-Ray Spectroscopy
Compositions of the starting alloy and the single crystal ingots were analyzed with a
LEO 1430VP scanning electron microscope (SEM) equipped with an Oxford Instruments
energy dispersive x-ray spectroscopy (EDS) package. The data were collected at an
accelerating voltage of 20 kV, with a working distance of 15 mm, and a spot size of 485
(unitless). This system had a spatial resolution of < 1nm and detection limit of 0.1
weight percent (wt %) [45, 46].
The basic principle behind EDS analysis are as follows: when an incident beam of
high energy electrons interacts with a sample, inner shell electrons are ejected from the
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sample; this causes outer shell electron to relax and fill the unfilled electron shell; when
this happens, the energy difference is released in the form of an x-ray photon. The x-ray
is characteristic to both the element and the electron shell it escaped from. The accuracy
of this method depends on the type of detector and the frequency that the x-rays are
observed. There is also an interaction volume between the incident electrons and the
sample; this can impact the accuracy of the analysis. More information on EDS can be
found in books that discuss the characterization of materials such as the one by Brandon
and Kaplan [47]. Figure 7.1 shows where EDS data was collected for one of the alloys
and one of the single crystal ingots. These images also show the size of the area that
EDS data was collected from.
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Figure 7.1 (a) shows a cross section of AR121 that was analyzed using EDS; a grid
was scratched onto the surface of the sample to ensure that a systematic surface
analysis was carried out. The images to the left and right of (a) are representative of
the areas where EDS data was collected. Image (b) shows the ingot CM91 and also
shows two areas where EDS data was collected.
7.2.3 Oxygen Analysis
Samples were sent to MSi Testing & Engineering Inc, Melrose Park, Illinois, USA for
analysis. Samples were analyzed in accordance with ASTM E1019 (LECO Combustion
Method). The ASTM standard for this type of analysis required that the surface of a
sample was filed down until it was shiny; this removed any surface oxidation. The
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sample was immediately placed in acetone and left until oxygen analysis was carried out.
The sample was removed from the acetone and suspended in a test chamber above a
graphite crucible. The test chamber was sealed and the graphite crucible was heated and
allowed to outgas. After outgassing, the sample was dropped into the heated crucible.
As the sample melted, any oxygen present reacted with the heated crucible to form CO
and/or CO2 gas. The gas produced was sent to a gas chromatographer and the amount of
oxygen present was calculated. This test method is capable of measuring oxygen down to
1 part per million (PPM). The test was performed on three pieces of the same sample and
the results were averaged to give the final oxygen concentration.

Figure 7.2 Three section of sample AR121 that were sent to MSi Testing &
Engineering for oxygen analysis. Each section was analyzed three times to produce
an average oxygen concentration.
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7.2.4 Crystal Orientation
A short description of the method used to characterize the orientation between the
sample axis and the crystal axis will be discussed at this time. The crystal axis and the
sample axis are not necessarily identical as shown in Figure 7.3; if the crystal axis does
not align with the sample axis, the amount of misorientation can be described using the
angles χ and φ. The χ angle is the misorientation between the long axis of the sample (z
direction) and the crystal axis (c direction), whereas the rotation about the z sample axis
can be described with the φ angle.

Figure 7.3 Shows how the orientation of the crystal (red outline) can differ from the
orientation of the sample (black outline). The misorientation between the [001]
directions of the sample and the crystal is defined as the χ angle. This angle is
referenced in Section 9.2.4. The rotation about the x-y plane is also possible; this
angle is φ and is also discussed in Section 9.2.4.
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Determining these angles is needed to properly orient the sample prior to postprocessing. Using a seed crystal with known orientations reduced the amount of postprocessing required to cut the ingot in the Princeton Scientific wire saw.
7.2.5 X-Ray Diffraction
The crystal orientation was characterized with x-ray diffraction. All crystallographic
data was collected on a Bruker D8 Discover x-ray diffractometer (XRD) equipped with a
Göbel mirror. The height of beam is set at 1.2 mm and the width is approximately 50.8
mm. This width is due to divergence in the beam as it exits the tube. The area of the
beam that interacts will vary depending on the angle of the incident beam. The beam
interaction height (h) is determined by the equation:

h=

o
sin (θ )

(17)

where o is the beam height and sin(θ) is the angle of the incident beam. The interaction
area is determined by multiplying the interaction height by the beam width. Figure 7.4
shows the interaction area of the Bruker D8 XRD and a calculation of the interaction area
based on an incident beam angle of 34o.
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Figure 7.4 Total sample interaction area is a function of the beam height, the angle
of incidence, and the beam width. Calculating the beam height interaction is shown
at the left. Multiplying this value with the beam width gives the area of interaction
with the sample.
Diffraction occurs due to constructive interference of scattered waves. In this case,
the waves were Cu Kα x-rays with a wavelength of λ = 1.54 angstroms (Ǻ). Constructive
interference occurs when a beam of monochromatic x-rays impinges a crystal lattice;
some of these rays get reflected off the surface of the lattice, while other are reflected
from deeper within the lattice. If the path difference between the two scattering events is
equal to any integer value of the wavelength, constructive interference occurs, which
leads to the Bragg equation:

nλ = 2d sin θ

(18)
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This equation is the mathematical relationship between the wavelength of the incoming
x-ray (λ), the angle of incidence (θ), and the interatomic spacing of the atoms (d). The
angle between the transmitted beam and diffracted beam is 2θ, which is known as the
diffraction angle. It is this angle that is typically used when discussing diffraction
measurements. Figure 7.5 shows the relationship between the angle of incident and
diffracted beam.

Figure 7.5 Diffraction occurs when a beam of monochromatic x-rays interacts with
a crystalline material the waves will diffract off the scattering centers of the atoms,
if the Bragg condition is fulfilled [48].
The samples were attached to a brass holder, which was then mounted to a holder that
fits the goniometer of the Princeton Scientific wire saw. The holder was attached to the
stage of the XRD. The crystallographic data of the starting seed and the grown crystal
were collected to determine if oriented growth occurred. A series of XRD scans were
performed to find the orientation of the crystals. The scans were done in an iterative
manner. In the first scan, 2θ angle was held constant at an angle of 68o and the stage was
moved through χ from -10o to 90 o until the peak was found. The sample was rotated
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o

o

about φ from 0 to 359 to find the most intense peak. Finally, a locked coupled scan
was carried out from 67o to 69o to find the highest peak. These steps were repeated until
the peak intensities no longer changed. This reduced the amount of error between the
observed peak and the crystallographic orientation of the sample. Figure 7.6 (a) shows
how the sample was mounted in the brass holder; this holder was designed to be affixed
to XRD stage and the Princeton Scientific wire saw’s goniometer. The brass holder was
designed to mount to both pieces of equipment with locating pins. The locating pins
ensured that the sample mounted to a known zero point in the x-y plane; this reduced the
amount of misorientation that typically occurs when a sample is physically transferred
from one location to another, such as when it was transferred from the XRD to the
Princeton Scientific wire saw. Figure 7.6 (b) shows the brass holder mounted in the
XRD.
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Figure 7.6 (a) shows how the crystal sample was mounted in a brass holder; this
holder was designed to mate to both the Princeton Scientific wire saw and the XRD
stage. (b) Shows the brass stage mounted in the XRD. It shows the rotation in both
χ and φ. These rotation angles are transferred to the Princeton Scientific
goniometer for cutting along the correct crystallographic directions.
Once the sample orientation was determined for the face normal to the growth
direction, the sample was rotated in χ by 45o, and a search for the {110} planes were
carried out as described previously. These planes were found at a φ of 40o, 130o, 220o,
and 310o. These angles (χ and φ) were recorded and used to properly orient the sample
on the goniometer of Princeton Scientific wire saw prior to cutting the sample to size for
mechanical testing.
7.2.6 Thermal Analysis
Computational fluid dynamics (CFD) was used to model the thermal profile of the
crystal growth assembly. The model was based on the 3D axisymmetric geometry of the
crystal growth assembly. To be able to accurately predict the thermal profile, the thermal
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properties of the materials needed to be entered as well as the boundary conditions. The
thermal properties that are important to this simulation are the density (ρ: kg/m3), the
specific heat (Cp: J kg-1K-1), and the thermal conductivity (k: W m-1K-1). The material
properties for alumina, copper, and stainless steel were taken from Çengel [49], and the
material properties of Ni-Mn-Ga was taken from Hosoda et al. [50].
Figure 7.7 (a) shows the crystal growth assembly; the assembly was modeled along a
central axis of rotation. This reduced the complexity of the model and in turn reduced the
computational load on the solver when running the thermal model. The boundary
conditions for the model were set up such that the temperature of the upper portion of the
alumina crucible was set to 1200oC and the lower portion of the alumina crucible was set
as an adiabatic region. This ensured that all the thermal energy was transferred down
through the Ni-Mn-Ga powder, Ni-Mn-Ga seed, and was only allowed to exit through the
stainless steel rod and the copper rod into a region that was set at 18oC. These boundary
conditions closely replicate the conditions inside the furnace when a crystal is grown.
From this, a comparative analysis between the model and the experimental data can be
carried out. Figure 7.7 (b) shows the mesh that was created from the model geometry.
Each area of the mesh was 0.5 mm2; this allowed the model to accurately predict the
changes in temperature along the length and width of the assembly.
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Figure 7.7 (a) model of the crystal growth assembly; the model shows the
axisymmetric configuration and the location of each element that made up the
model. (b) shows the mesh that was created from the model; the meshing size was
0.5 mm2.
These boundary conditions were chosen to replicate the internal condition of the
furnace. It is expected that the alumina crucible will reach a temperature of 1200 oC, and
that the copper cooling jacket will remain at a temperature of 18 oC. All heat transfer is
assumed to be by conduction in this model.
7.2.7 Numerical Model
A thermal model was used to predict the temperature profile in the crystal growth
assembly. A steady state model was created to predict the thermal profile of the copper
and steel cooling rod, and the Ni-Mn-Ga seed and powder. The thermal properties for
copper, stainless steel, Ni-Mn-Ga, and alumina were used to build the model. The

78
following parameters were used in the model: 1) constant temperatures at the hot and
cold zones, 2) pressure-based solver, 3) energy equation, 4) ten second time step, and 5)
the number of iteration was set to twenty. The numerical model was compared to the
data collected during actual crystal growth experiments.
Two other calculations were carried out, in the first the stainless steel rod that
contacts the Ni-Mn-Ga seed was replaced with a second copper rod, and in the second the
stainless steel rod was replaced with a tungsten rod. These two changes were done to
determine how the thermal gradient changed when materials with different thermal
conductivities were used.
7.2.8 Mechanical Testing
Uniaxial compression experiments were performed on a rectangular prism cut from
sample CM98. The cuts were made along the {100} faces with the Princeton Scientific
wire saw. The sample measured 2.85 mm x 3.00 mm x 5.50 mm. A mechanical testing
machine (Zwick, Ulm, Germany) equipped with a 500 N load cell (MTS, Schaffhausen,
Switzerland) was used to mechanically deform the sample. The uniaxial compression
and unloading speed was held constant at 1.25 x 10-6 m/s. The sample was mounted such
that the longest edge (z direction) was parallel to the compression direction. The
system’s resolution was better than 10 nm in displacement and 0.5 N in force resulting in
of 2 x 10-6 for strain and 0.1 MPa for stress.
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CHAPTER 8:

RESULTS

8.1 Thermal Analysis
8.1.1 Numerical Model
The results of the CFD model show the thermal profile of the stainless steel rod, the
Ni-Mn-Ga seed, and powder. Figure 8.1 shows that the side of the seed that is in contact
with the stainless steel rod is well below the 1134oC melting point of Ni-Mn-Ga [29].
The model shows the system in a steady state condition (i.e., thermal equilibrium). The
predicted thermal gradient averaged between the temperature ranges of 700oC – 1000oC
is 45oC/mm when a stainless steel cooling rod is used. It should be noted that in the
actual crystal growth experiments, the system is never allowed to come to thermal
equilibrium. Therefore, the data shown for the Ni-Mn-Ga seed temperature in Figure 8.1
is only representative of what would be expected if the crystal growth assembly were
inserted into the furnace and allowed to remain in a stationary position until the entire
system reach equilibrium. The calculations for the simulations where the stainless steel
cooling rod was replaced with tungsten and copper yield thermal gradients of 55oC/mm
and 80oC/mm, respectively. These results are included in Figure 8.1. These results
indicate that the temperature at the backside of the seed should never get above 700oC
when a stainless steel rod is used, it should never get above 650oC when the tungsten rod
is used, and it should never get above 370oC when the copper rod is used.
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Figure 8.1 The steady state condition showing how the use of different cooling rods
(stainless, tungsten, and copper) changes the thermal gradient through the Ni-MnGa seed. These plots indicate the pulling speed can be increased if tungsten or
copper were used in place of stainless steel. The temperature where the seed and the
cooling rod touch should not reach the melting point when the system has reached a
steady state (i.e., thermal equilibrium)
8.2 Alloy Production
Table 8.1 shows the results of the EDS data that was collected from alloy sample
AR121 with a nominal composition of Ni50Mn27.2Ga22.8. The data was collected from the
cross-sectioned area of the alloy shown in Figure 7.1. The mean value and standard
deviation for nickel was 51.8 at % and 0.4 at %, for manganese it was 23.8 at % and 0.4
at %, and for gallium it was 24.4 at % and 0.5 at %.
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Table 8.1 Energy dispersive data collected on alloy AR121, as this data
demonstrates the overall homogeneity of the alloy. The positions listed in this table
refer to location on the cross-sections sample shown in Figure 7.1.

8.3 Crystal Growth
8.3.1 Seed-Melt Coupling
The images in Figure 8.2 show results of the seed-melt coupling experiments (see
Section 6.2). Figure 8.2 (a) shows that at 825oC very little coupling occurred between the
seed and the melt. The coupling interface did not show any congruent growth and the
seed showed small grains while the melt showed elongated grains that grew axially
towards the center of the crystal. Figure 8.2 (b) shows that at 850oC there was improved
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coupling between the seed and the melt. This can be seen at the coupling interface; the
size of the grains on either side show signs of elongations, which indicated that the seed
temperature was high enough for growth to have occurred.

Figure 8.2 (a) shows that there was very little interaction between the seed and the
melt; image (b) shows a higher amount of interaction between the seed and the melt
as indicated by the elongated grains in the pulling direction.
The amount of coupling between the seed and the melt is a function of the seed
temperature. The qualitative results of these experiments showed that a seed temperature
of 850oC was sufficient to yield enough coupling between the seed and the melt such that
the crystal grew oriented on the seed. Temperatures lower than 850oC did not show
enough coupling between the seed and the melt to achieve oriented growth. At
temperatures above 860oC, there was a greater chance of melting the entire seed. If the
seed melts, then the ability to grow crystal in a preferred orientation is not possible.
Hence, 850 oC was chosen as the seed temperature for crystal growth experiments.
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8.3.2 Pulling Speed
The results of the optical microscopy reveal that single crystal growth was achieved
when the crystal pulling speed was 6.0 mm/h or below and the seed temperature was
850oC. Pulling speeds greater than 6.0 mm/h resulted in unwanted nucleation that
occurred at the seed-melt interface or in the melt itself. Figure 8.3 shows the effect
pulling speed had on single crystal growth. At a pulling speed of 19.2 mm/h (a), there
were multiple nucleation sites off the seed face which grew towards the center of the
ingot. At a pulling speed of 9.6 mm/h (b), the crystal began to grow off the seed but a
second crystal nucleated at a random point within the ingot. When the pulling speed was
reduced to 4.8 mm/h (c), single crystal growth occurred along the entire length of the
ingot.
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Figure 8.3 The effects of pulling speed on single crystal growth; the ingot in image
(a) was pulled at a speed of 19.2 mm/h; there were multiple nucleation sites at the
seed face and along the length of the ingot. The ingot in image (b) was pulled at 9.6
mm/h; single crystal growth occurred but a second crystal nucleated at a random
point within the crystal. The ingot in image (c) was pulled at a speed of 4.8 mm/h;
this ingot reveals single crystal grown was maintained along the length of the ingot.
The banding on the surface are the martensitic boundaries; parallel boundaries
indicate a single crystal. The surface cracks are due to hydrogen embrittlement.
The pulling speed could be increased to 6.0 mm/h and single crystal growth was
achieved.
8.3.3 Compositional Analysis and Segregation
The compositional data was collected along the entire length of sample CM91. The
data was normalized such that the length of the ingot was set equal to one. Figure 8.4
shows (a) the polished surface on sample CM91, (b), (c) areas of data collection, and (d)
a graph of the data. The data shows an excessive amount of manganese at 80% of the
ingot length; this data was collected at the surface of a pore formation shown in (c). This
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area is strongly oxidized and covered with a manganese oxide layer. The data collected
from such a location would be expected to be rich in the reaction product such as
manganese.
This data shows that composition along the normalized length of the single crystal
remains constant to about 60% of the crystals length after which there was an increase in
the manganese and a decrease in the gallium. These results are typical for this material
system and are due to segregation during the crystal growth process (see Section 4.2.4).
Schlagel et al. [30] discussed the three possible factors for deviations from a nominal
composition: (1) the system exhibits a non-constant partitioning coefficient across the
solidification range, (2) a deviation from the complete mixing condition existed during
the growth process, and (3) weight loss during the solidification process. As noted by
Schlagel et al., the first two conditions are very hard to determine without modeling the
convective forces in the melt and determining a complete solid-liquid phase diagram both
of which are beyond the scope of this thesis. Mass loss during crystal growth is a
possibility that was not accounted for during the research.
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Figure 8.4 Image (a) is a composite image of CM91 after it was prepared for EDS
analysis. Image (b) and (c) are examples of where data were collected. The results
of the EDS scan are shown in (d). The excessive amount of manganese at 80% of the
ingot length is due to the formation of manganese oxide inside the pore (c). Data
collected from these locations are expected to be rich in the main oxide component.
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8.3.4 Oxygen Analysis
The oxygen concentration in parts per million (PPM) for the constituent elements,
alloy AR121, and the single crystal ingot CM98 are listed in Table 8.2. These results are
the average from three tests on each sample. Nickel showed the lowest oxygen
concentration for any of the starting elements (<2.5 PPM) and gallium the highest (124
PPM). Three different areas of alloy AR121 were analyzed to see how the oxygen
concentration changed with position. The results showed that near the bottom of the
alloy (P2), the oxygen concentration was 220 PPM. The oxygen concentration was only
70 PPM in the center of the alloy (P3) and was the lowest 40 PPM along the upper edge
of the alloy (P1) (see Figure 7.2). Single crystal CM98 shows an oxygen concentration
of 100 PPM.
Table 8.2 The oxygen concentration of the starting elements as well as the
concentration of one of the alloys and one single crystal was obtained. The results of
these tests are shown in the table shown here.
Sample
Oxygen Concentration (PPM)

*

Nickel*

<2.5

Manganese

110

Gallium

124

AR121 (P1)

40

AR121 (P2)

220

AR121 (P3)

70

CM98

100

The oxygen concentration was provided by the manufacturer
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8.3.5 X-ray Diffraction
Crystallographic orientation data was collected on the seeds (C606, C626, and
CM91). Data was also collected the single crystals (CM86, CM88, CM91 (seed
produced from sample CM91), and CM98). As discussed in Section 6.3, a single crystal
seed was produced from the single crystal ingot CM91. This seed was used to produce
the single crystal ingot CM98. Table 8.3 lists the data obtained from the XRD analysis
on the seeds and single crystals used in this work. The misorientation between the
sample axis and the crystal axis was determined by comparing difference between the θ1
and θ2 angles. When the θ1and θ2 were close (less than a degree), the χ angle was used
to determine the amount of misorientation. The 2θ value was used to determine the
crystallographic direction of the sample. For seed C606, the amount of misorientation
was 12.3o (difference between θ1 and θ2) and the crystallographic direction was along
the [001]. For ingot CM98, the misorientation was 5.43o and the crystallographic
direction along the [001]. All the seeds and ingots except for two (CM86 and 88) showed
an orientation of [004] parallel to the sample pulling direction; this can be seen from the
2θ values in Table 8.3. The [004] direction is found between 67 – 69o in 2θ; the actual
value depends on the lattice parameters of the crystal. Ingots CM86 and 88 show an
orientation of [400] parallel to the pulling direction.
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Table 8.3 X-ray diffraction data collected on the seeds and single crystals. The table
lists the angles of the source (θ1), detector (θ2), the 2θ angle, and Chi (χ). The
misorientation was determined from the difference between the θ1 and θ2 angles or
from the χ angle.
Sample ID
θ1
θ2
2θ
χ (Chi)
C606 (Seed)

28.13o

40.43o

68.53o

0.4o

C620 (Seed)

34.7o

34.2o

68.9o

21.72o

CM86 (Ingot)

24.6o

35.4o

60.0o

27.5o

CM88 (Ingot)

24.0o

38.3o

62.3o

29.9o

CM91(Ingot)

35.51o

33.07o

68.58o

25.82o

CM91 (Seed)

34.18o

34.31o

68.49o

3.30o

CM98 (Ingot)

34.24o

34.21o

68.45o

5.43o

Figure 8.5 shows how the orientation data collected was from opposite ends of
sample CM98. The misorientation between the seed (a) and the single crystal (b) is 2.13o
in χ.

Figure 8.5 Crystallographic orientation data collected on sample CM98 shows the
amount of mis-orientation between the starting seed (a) and the single crystal (b).
The misorientation is only 2.13o; this is within the limits needed to process the ingot
for further magneto-mechanical testing.
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8.3.6 Mechanical Testing
The sample cut from the single crystal ingot CM98 was loaded in the z direction (i.e.,
the longest direction) to determine twinning stress. The sample showed a twinning stress
of 27 MPa and a total strain of 4.3%. Figure 8.6 shows the loading and unloading curves.
The unloading curve shows that the sample was plastically deformed (i.e., twin
boundaries actually moved). The stress required to move the twin boundaries is higher
than the upper limit for magnetic induced deformation, which is the magnetostress
(approximately 2.6 MPa). This experiment shows that the sample is a single crystal since
the plateau region is relatively stable. In a polycrystalline sample with very coarse
grains, the graph would have a series of plateaus at increasing stress with increasing
strain.
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Figure 8.6 The stress strain curves for single crystal sample CM98 show a stress of
27 MPa and a permanent strain of 4.3%. The unloading curve (blue) indicates that
twin boundary motion occurred since the strain was not recovered.
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CHAPTER 9:

DISCUSSION

9.1 Alloy Production
9.1.1 Compositional Analysis
From the EDS data collected on AR121, it can be seen that the composition of the
alloy is uniform throughout the sample. The uniformity of the alloy is what was expected
because the alloy was mixed through eddy current-induced convection [51]. Since
manganese has the highest vapor pressure of the three constituent parts, there was a
concern that there might be manganese loss by the time the entire alloy was melted and
mixed. The EDS analysis was carried out on a single alloy at over 60 positions spread
over the entire sample to ensure that the composition remained constant throughout the
alloy. As this was the case, no other EDS analysis was carried out on the other alloys.
9.1.2 Oxygen Analysis
The oxygen data collected on the alloys shows that there is an increase in the oxygen
concentration of the alloys during the induction melting process; this increase is most
likely due to leakage around the hybrid adapter seal. The hybrid adapter used in the alloy
crucible has been modified since the original EDS analysis was carried out. A better
fitting o-ring was installed in the adapter; this should increase the sealing capabilities of
the adapter and reduce the amount of leakage at this critical junction.
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9.2 Single Crystals
9.2.1 Crystal Pulling Speed
The results in Section 8.3 show how pulling speed affects the solid-liquid interfacial
shape. Figure 8.3 (a) shows that the growth face was concave since the nucleated crystals
grew towards the center of the ingot. Figure 8.3 (b) shows that the growth face was
slightly convex since the crystal that nucleated in the center of the ingot grew toward the
outer edge of the crystal surface. The location of the nucleation indicates that the pulling
speed created some undercooling in the liquid just ahead of the solidification front. By
lowering the pulling speed, the undercooling was eliminated.
9.2.2 Compositional Analysis
The composition along the length of the single crystal ingot remains fairly constant to
about 60% of the ingot’s length, at which point there is a deviation from the manganese
content, which increases and the gallium and nickel contents which decrease. This is to
be expected due to the segregation that typically occurs with the Bridgman method of
crystal growth [30]. The amount of segregation can be reduced by increasing the pulling
speed. This would require an increase of the thermal gradient at the edge of the furnace’s
hot zone. This may be accomplished by inserting an insulating ring between the hot zone
and the copper cooling jacket that would allow the cooling jacket to maintain a lower
temperature. There is a slight increase in the temperature at the face of the cooling
jacket. If this increase in temperature at this critical interface were removed, the thermal
gradient would be increased and the pulling speed of the crystal could be increased. This
would reduce the compositional segregation that is inherent in this type of growth system.
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9.2.3 Oxygen Analysis
The oxygen concentration decreased during the crystal growth process. This
demonstrated that the sealing method was good and that the use of an argon-6% hydrogen
atmosphere was sufficient to prevent the uptake of oxygen.
9.2.4 X-ray Diffraction
The data in Table 8.3 shows that the seed C606 had a significant difference between
the θ1 and θ2 angles of 12.3o this is the difference between the face normal to the long
axis of the sample (z direction) and the c axis crystal (see Figure 7.3). The misorientation
equals half the difference between θ1 and θ2 and is approximately 6o. This
misorientation does not preclude the seed from being reused to grow other single crystals.
However, it does create a situation that the crystal grown from this seed needed addition
re-orientation and processing before it could be mechanically tested.
The mismatch between the sample orientation and the crystallographic orientation of
seed C620 is much larger; here the χ angle was off by 21.72o. Both crystals (CM86 and
CM88) that were grown from this seed had misorientation of over 27.5o and 29.9o
respectively. As the data in Table 8.3 showed, samples CM86 and CM88 appear to have
a (400) orientation normal to the crystal pulling direction; these samples were not
annealed and this may be the reason that the (004) orientation is not seen. This shift in
the orientation has been discussed by Gaitzsch et al. [52]. Another possibility is that
nucleation occurred during the initial stage of the growth cycle. This could cause growth
in the [040] direction parallel to the pulling direction.
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Ingot CM91 was produced using seed C606. This ingot shows that oriented single
crystal growth was achieved since the crystallographic orientation of the ingot matches
that of the seed. This ingot was then processed for use as a starting seed for the growth of
the next crystal. A portion of the ingot was placed in the Princeton Scientific wire saw
and cut such that the (004) were perpendicular to the long direction of the seed. This
seed was then ground to a 3 mm diameter and used to produce sample CM98.
The results of sample CM98 show that oriented single crystal growth was achieved
throughout the entire length of the ingot. These results are very promising since the
amount of post-processing required to use such a crystal will be reduced as will the
amount of waste.
9.2.5 Thermal Model
The results of the thermal model showed that the boundary conditions chosen over
estimate the thermal gradient through the crystal growth assembly by about 20 oC/mm.
This model predicted that if the crystal growth assembly were inserted into the furnace
such that the seed face was inserted 25.4 mm into the hot zone of the furnace and allowed
to come to thermal equilibrium, the stainless steel and copper cooling rods would draw
enough heat out of the crystal to prevent it from melting. The model predicts that the
temperature at the backside of the seed should never get above approximately 700 oC;
this value is lower than what is seen in actual experiments. Higher seed temperatures are
due to imperfections in the mating of the seed and the stainless steel cooling rod, which
the thermal model cannot accurately predict. However, this model can be used as a
guideline to modify the cooling rods, which will increase the removal of heat from the
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crystal-melt interface. If only copper is used, the thermal gradient is predicted to increase
by almost a factor of 2 to 80 oC/mm; and if tungsten is used to replace the stainless steel
cooling rod, a thermal gradient of 55 oC/mm is predicted. Both of these values are higher
than the 45 oC/mm that the model predicts with the copper and stainless steel cooling
rods that are being used at the present time. Therefore, replacing the stainless steel
cooling rod with copper would allow crystal growth with a higher pulling speed. This
would reduce the amount of segregation and increase the amount of usable crystal
volume.

9.3 Future Work
Improvements in the crystal quality are needed to produce samples that will have a
twinning stress low enough to be active in a magnetic field. Reduction in oxygen
concentrations during alloy production is crucial to improving crystal quality.
Reducing the segregation along the length of the crystal will produce larger usable
crystals since composition controls the crystal structure of the low temperature phase as
well as the martensitic transformation temperature.
The computational fluid dynamic models could be improved by running a transient
model that could more accurately predict the maximum pulling speed that the system can
sustain without causing nucleation in the liquid phase. The ability to predict this pulling
velocity will allow the amount of segregation to be reduced and will ensure that the
system maintains a stable growth front. This will reduce the possibility of dendritic
growth and nucleation.
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Magneto-mechanical testing is still needed to fully characterize the properties of the
single crystals. Vibrating sample magnetometer (VSM) tests will yield the magnetic
saturation, the coercivity, and the remenance of the crystals. The VSM can provide the
Curie temperature of the samples.
Once higher purity crystals are produced, magneto-mechanical tests can be performed
to determine the minimum magnetic field needed to produce a shape change. This is
important if future devices are to be built.
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CHAPTER 10:
•

CONCLUSIONS

The reaction products formed when manganese was melting in mullite crucibles was
reduced when alumina crucibles were used. This allowed to keep the crystal
composition closer to the nominal composition.

•

The optimal seed-melt coupling temperature was found to be 850 oC. Temperatures
lower than this value did not show grain growth across the seed-melt interface. When
temperatures were above 860 oC , the seed tended to melt completely.

•

The addition of an argon-6% hydrogen gas mixture is thought to increase the crystal
quality by reducing the oxygen concentration in the single crystals. However, more
data is needed before a definitive conclusion can be stated.

•

The optimal pulling speed was found to be between 0.48 and 6.0 mm/h. Pulling
speeds faster than this caused nucleation of secondary crystals within the melt and at
the seed face.

•

The thermal model predicted a seed temperature of 700 oC when the crystal growth
assembly was at thermal equilibrium. This is somewhat lower than what is seen in
the experiments but creates a baseline for further improvements to the model.

•

The thermal model predicted that the pulling speed may be increased by almost a
factor of 2 if the stainless steel cooling rod were replaced by copper.
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APPENDIX
Ingots Produced for Research
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The following table lists all the ingots produced for this research. The sample CM43
– CM85 were used in the seed-melt coupling experiments. The insertion and withdrawal
speed for the seed-melt coupling experiments was kept constant at 33.6 mm/h, the seed
temperature varied from 600 oC to 1150 oC, the furnace was kept at 1200 oC for all
experiments.
Sample CM86 – CM98 were the results of the single crystal growth experiments.
The seed temperature was kept constant at 850 oC, the insertion speed was kept constant
at 33.6 mm/h but the withdrawal speed was varied from 19.2 – 4.8 mm/h. Samples
CM92, CM93, and CM97 the starting alloy was a mixture of alloys produced using low
purity materials. Low purity starting materials were chosen for these experiments since
crystal quality was not a concern but simply whether a poly-crystalline material was
produced.

105

Date

Sample
ID #

Seed
Type

Seed
Height
(mm)

Seed
diameter
(mm)

Alloy
Type

Starting Alloy

6/9/2010
6/18/2010
6/25/2010
6/28/2010
6/29/2010
7/1/2010
7/6/2010
7/7/2010
7/8/2010
7/9/2010
7/12/2010
7/14/2010
7/15/2010
7/21/2010
7/22/2010
7/27/2010
7/28/2010
7/29/2010
7/30/2010
8/2/2010
8/3/2010
8/3/2010
8/4/2010
8/5/2010
8/10/2010
8/13/2010
8/17/2010
8/19/2010

CM40
CM41
CM43
CM44
CM45
CM46
CM47
CM49
CM50
CM52
CM56
CM57
CM59/60
CM62
CM63
CM64
CM65
CM66
CM67
CM68
CM69
CM70
CM71
CM72
CM73
CM74
CM75
CM76

S.S
S.S
AR70
CM43
CM44
CM45
CM46
CM47
CM49
CM50
CM52
CM56
MgO
CM57
CM62
CM63
CM64
CM65
CM66
CM66
CM66
CM66
CM68
CM68
CM43
CM43
CM74
CM72

4.15
4.55
4.80
N/A
5.08
0.70
2.18
2.84
1.98
1.98
2.35
2.55
0.50
2.48
2.58
2.55
2.80
2.77
2.85
2.98
2.18
2.88
2.83
2.73
2.56
4.58
N/A
N/A

6.35
6.35
6.35
6.35
6.35
6.35
6.35
6.35
6.35
6.35
6.35
6.35
6.35
6.35
6.35
6.35
6.35
6.35
6.35
6.35
6.35
6.35
6.35
6.35
6.35
6.35
6.35
6.35

Powder
Powder
Powder
Ingot
Ingot
Ingot
Ingot
Ingots
Ingot
Ingot
Powder
Powder
Powder
Powder
Powder
Powder
Powder
Powder
Powder
Powder
Powder
Powder
Powder
Powder
Powder
Powder
Ingot
Ingot

AR70 (LP)
AR42 (LP)
AR61 (LP)
CM44 (LP)
CM44 (LP)
N/A
N/A
N/A
N/A
N/A
not recorded
AR93 (LP)
AR93 (LP)
AR93 (LP)
not recorded
not recorded
AR90 (LP)
AR107/108 (LP)
AR107/108 (LP)
AR115 (LP)
AR116 (LP)
AR116 (LP)
AR116 (LP)
AR116 (LP)
AR116 (LP)
AR117 (LP)
AR117 (LP)
AR116 (LP)

8/30/2010
9/14/2010
10/21/2010
11/3/2010
11/4/2010

CM77
CM80
CM85
CM86
CM87

CM76
N/A
CM71
C620
C620

N/A
N/A
5.55
~5
~5

6.35
N/A
6.35
3.18
3.18

Ingot
Powder
Powder
Powder
Powder

11/12/2010
12/1/2010

CM88
CM91

C620
C606

12.90
~10

3.18
3.18

Powder
Powder

Alloy
mass (g)

T.C.
Temp
(oC)

T.C Peak
Temp (oC)

900
915
850
850
850
825
835
840
855
855
860
860
890
885
890
890
890
895
900
910
950
1000
1020
1010
980
700
600

1043
915
930
860
863
890
848
847
869
866
859
874
872
909
899
904
907
911
909
912
924
965
1023
1030
1036
998
712
615

AR116 (LP)
AR121 (HP)
AR128 (HP)
AR128 (HP)
AR128 (HP)

25.59
14.01
12.00
12.61
~11.74
~7.88
3.50
10.65
8.61
9.88
12.00
12.00
12.05
12.00
11.20
12.00
12.00
12.01
12.02
12.00
12.00
12.04
12.01
12.02
12.01
12.00
12.66
11.59
not
recorded
15.03
10.00
10.00
6.56

800
1150
900
850
850

816
1161
967
867
866

AR129 (HP)
AR130 (HP)

20.00
15.00

850
850

857
862

12/5/2010

CM92

C620

~5

3.18

Powder

Mixture (LP)

10.01

850

872

12/13/2010

CM93

C620

~5

3.18

Powder

Mixture (LP)

850

874

850

860

850

884

1/12/2011

CM97

C620

~5

3.18

Powder

Mixture (LP)

10.00
not
recorded

1/18/2011

CM98

CM91

~7

3.18

Powder

AR130 (HP)

13.80

HP: High purity starting materials
LP: Low purity starting materials
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Sample
ID #
CM40
CM41
CM43
CM44
CM45
CM46
CM47
CM49
CM50
CM52
CM56
CM57
CM59/60
CM62
CM63
CM64
CM65
CM66
CM67
CM68
CM69
CM70
CM71
CM72
CM73
CM74
CM75
CM76
CM77
CM80
CM85
CM86
CM87

Notes

Cut seed from sample 44 and set remaining ingot on to of seed
Seed-Melt coupling experiment
Seed-Melt coupling experiment
Seed-Melt coupling experiment
Seed-Melt coupling experiment
Seed-Melt coupling experiment
Seed-Melt coupling experiment
Seed-Melt coupling experiment
Seed-Melt coupling experiment
Seed face at edge of hot zone-Seed-Melt coupling experiment
Seed face at edge of hot zone-Seed-Melt coupling experiment
Seed face at edge of hot zone-Seed-Melt coupling experiment
Seed face at edge of hot zone-Seed-Melt coupling experiment
Seed face at edge of hot zone-Seed-Melt coupling experiment
Seed face at edge of hot zone-Seed-Melt coupling experiment
Seed face at edge of hot zone-Seed-Melt coupling experiment
Seed face at edge of hot zone-Seed-Melt coupling experiment
Seed face at edge of hot zone-Seed-Melt coupling experiment
Seed face at edge of hot zone-Seed-Melt coupling experiment
Seed face at edge of hot zone-Seed-Melt coupling experiment
Seed face at edge of hot zone-Seed-Melt coupling experiment
Seed face at edge of hot zone-Seed-Melt coupling experiment
Seed face at edge of hot zone-Seed-Melt coupling experiment
Seed face at edge of hot zone-Seed-Melt coupling experiment
COE Alumina Tube-High Purity Alloy-Seed face at edge of hot zone
Seed melted to thermocouple-Seed face at edge of hot zone
Withdrawal speed 0.08 mm/min Seed face at edge of hot zone
High Purity Alloy-Seed face at edge of hot zone-Withdrawal 0.08 mm/min-60 sec dwell

CM88
CM91

High Purity Alloy-Seed face at edge of hot zone-Withdrawal 0.08 mm/min-60 sec dwell-Ar/H2 gas-Annealed in
tube at 1000 C for 47 hrs then at 750 C for 6 hrs
High Purity Alloy-Seed face at edge of hot zone-Withdrawal 0.08 mm/min-60 sec dwell-Ar/H2 gas

CM92

Mixture of Alloys-Seed face at edge of hot zone-Withdrawal 0.32 mm/min-60 sec dwell-Ar/H2 gas-growth speed
experiment

CM93

Mixture of Alloys-Seed face at edge of hot zone-Withdrawal 0.28 mm/min-60 sec dwell-Ar/H2 gas-growth speed
experiment

CM97

Mixture of Alloys-Seed face at edge of hot zone-Withdrawal 0.16 mm/min-60 sec dwell-Ar/H2 gas-growth speed
experiment

CM98

High Purity Alloy-Seed face at edge of hot zone-Withdrawal 0.1 mm/min-60 sec dwell-Ar/H2 gas-growth speed
experiment-Annealed in tube at 1000 C for 47 hrs then at 750 C for 6 hrs

